ABSTRACT A study was conducted to investigate the effects of feeding low-protein diets fortified with individual non-essential amino acids (NEAA) on growth performance, serum metabolites (uric acid, UA; triglycerides, TG; total protein, TP; and albumin, Alb), organ weight, breast yield, and abdominal fat weight in broiler chicks raised under the hot and humid tropical climate. Eight isocaloric (3,017 kcal/kg) experimental diets were formulated and fed to male broiler chicks from d 1-21 as follows: 1) 22.2% crude protein (CP) (positive control; PC); 2) 16.2% CP + mixture essential amino acids (EAA) to meet or exceed the National Research Council (1994) recommendations (negative control; NC); 3) NC + glycine (Gly) to equal the total glycine + serine level in the PC; diets 4 through 7 were obtained by supplementing NC diet with individual glutamic acid, proline, alanine, or aspartic acid (Glu, Pro, Ala, or Asp, respectively); 8) NC + NEAA (Gly + Glu + Pro + Ala + Asp) to equal the total level of these NEAA in the PC. Fortifying NC diet with mixture NEAA resulted in a similar growth performance as PC. However, fortification of low-CP diet with individual NEAA failed to improve body weight (BW) (P < 0.0001), feed intake (FI) (P = 0.0001), and feed conversion ratio (FCR) (P = 0.0001). Serum uric acid (UA) was lower (P = 0.0356) in NC birds and NC diet supplemented with individual NEAA birds, whereas serum triglyceride (TG) (P = 0.007) and relative weight of abdominal fat (P = 0.001) were higher in these birds. In conclusion, no single NEAA fortification may compensate the depressed growth performance attributed to a low-CP diet. However, fortification with Gly may improve FCR. There is a possibility that broilers raised under the hot and humid climate require higher Gly fortification than the level used in this study.
INTRODUCTION
Protein efficiency ratio (PER) linearly increase by decreasing crude protein (CP) level in poultry diet (Cheng et al., 1997) . This beneficial effect accompanied by a lower feed cost in low-protein diet. The drawback to this approach is the strong negative effect on the weight gain and feed conversion ratio. Many nutritionists attempted to overcome this problem by fortification with amino acids (AA) during the last 3 decades. Fortification of AA may result in a better economic return for the industry and lessen environmental pollution (Pesti, 2009) . However, only a narrow margin of CP may be reduced by essential amino acids (EAA) fortification (Namroud et al., 2008; Hernández et al., 2012; Awad et al., 2014a) . The possible reason can be the insufficiency of nitrogen supply for non-essential C 2015 Poultry Science Association Inc. Received April 21, 2015. Accepted July 15, 2015. 1 Corresponding author: zulidrus@upm.edu.my amino acids (NEAA) synthesis. Accordingly, several studies have been carried out to investigate the effect of NEAA supplementation in low-CP, EAA-fortified diets (Corzo et al., 2005; Fatufe and Rodehutscord, 2005; Dean et al., 2006) . They indicated that when low-CP diet is supplemented with a mixture of NEAA, it enhanced the growth performance of birds. Interestingly, similar enhancement was reported when the low-CP diet was fortified with only glycine (Corzo et al., 2005; Dean et al., 2006; Ospina-Rojas et al., 2014) . Glycine is critical in the uric acid production pathway in avian species (Baker, 2009 ). All aforementioned work have been conducted under temperate conditions, and no data is available specific to a hot and humid condition. It is suggested that broilers' general and specific nutrient requirements are affected by environmental temperature (Ojano-Dirain and Waldroup, 2002; Balnave, 2004) . Digestibility of CP and AA is diminished in broilers exposed to high environmental temperature (Larbier et al., 1993; Soleimani et al., 2010) . A recent study from our laboratory showed that poor 2772 Downloaded from https://academic.oup.com/ps/article-abstract/94/11/2772/2453318 by guest on 10 April 2019 performance of broilers raised under tropical environment and fed low-CP (16.2%) diet with minimum EAA fortification could be overcome by the addition of a mixture of NEAA (Awad et al., 2014b) . The NEAA, beyond their roles as building blocks for proteins, play important roles in many other fundamental mechanisms that regulate immune response, reproduction, and cellular metabolism (Li et al., 2007; Wu, 2013) . Thus, the objective of the present study was to determine the effect of individual fortification with NEAA on growth performance, serum metabolites (uric acid, UA; triglycerides, TG; total protein, TP; and albumin, Alb), organ weights, breast yield, and abdominal fat weight in broiler chicks raised under a hot and humid tropical climate. Aforementioned blood metabolites have been closely associated with the level of dietary protein (Corzo et al., 2005; Swennen et al., 2005; Hernández et al., 2012) .
MATERIALS AND METHODS

Birds and Management
The trial was conducted in accordance with the guidelines of the Research Policy on Animal Ethics of the Universiti Putra Malaysia. A total of 480 1-day-old male broiler chicks (Cobb 500) with an average initial body weight of 45.74 ± 1.2 g were obtained from a commercial hatchery. Upon arrival, chicks were weighed and randomly assigned to one of 32 floor pens (in groups of 15 birds) in a conventional, open-sided house. Each pen measured 1.5 × 1.5 m and was equipped with one pan feeder, one bell drinker, and wood shavings. During the first week, whenever needed, pin bulbs were used as a source of heat and the sides of the house were partially covered to prevent drafts. Feed (mash form) and drinking water were provided ad libitum. Each pen was equipped with a 60-Watt scroll bulb to maintain continuous light during the night. The average daily ambient temperatures and relative humidity were recorded 3 times daily (Table 1 ). According to De Moraes et al. (2008) , rearing broilers in locations with ≥85 temperature and humidity index (THI) is considered inappropriate and stressful to the birds. This index in our study was 86 at midday.
Experimental Diets
The AA content of the corn and soybean meal were determined prior to diet formulation using high-performance liquid chromatography (HPLC) as previously described (Awad et al., 2014b) . Crude protein was analyzed using Kjeldahl method. Based on the analytical values, 8 experimental diets were formulated with corn and palm oil as energy sources and soybean meal as a protein source, along with other nutrients as shown in (Tables 2 and 3 ) to meet or exceed NRC (1994) standards, as well as meeting the ideal AA ratios suggested by Baker (1997) . The 8 diets were as follows: 1) 22.2% CP (positive control; PC); 2) 16.2% CP + all EAA to meet both NRC (1994) recommendations and the ideal AA ratios suggested by Baker (1997) (negative control; NC); 3) NC + glycine (Gly) to equal the total glycine + serine level in the PC; 4) NC + glutamic acid (Glu) to equal total Glu level in the PC; 5) NC + proline (Pro) to equal total Pro level in the PC; 6) NC + alanine (Ala) to equal total Ala level in the PC; 7) NC + aspartic acid (Asp) to equal total Asp level in the PC; and 8) NC + Gly + Glu + Pro + Ala + Asp to equal the total levels of these NEAA presented in the PC. In order to meet ideal AA ratios suggested by Baker (1997) , NC diet was adjusted to contain 1.11% digestible Lys. After formulation, diets were analyzed to determine their AA and CP contents. There were 4 replicate pens for each diet.
Data Collection and Sampling
The body weight of birds was recorded on d 1-21, and their daily weight gain (DWG) was calculated. Feed intake (FI) from d 1-21 was measured, and feed conversion ratios (feed/gain) (FCR) were calculated. Protein efficiency ratio was calculated as the body weight gain/protein intake. Mortality was recorded as and when it occurred. Two birds from each replicate pen were randomly selected and slaughtered humanely according to halal method (Farouk et al., 2014) to measure the weights of heart, liver, abdominal fat pad, and breast muscle on day 21. Exsanguination blood samples (3 mL) were collected and placed in tubes kept in an ice bucket. The blood samples were then centrifuged at 4,000 × g at 4
• C for 20 min. After that, the hemolysis-free serum samples were collected and stored at -20
• C. Serum concentrations of albumin, triglyceride, total protein, and uric acid were determined using an automated chemistry analyzer (Hitachi 902 Automatic Analyzer, Hitachi, Tokyo, Japan) with commercial test kits (Roche Diagnostics, Basel, Switzerland).
Statistical Analysis
Data were subjected to ANOVA using the GLM procedure of SAS software. Comparison between means was done by Duncan's multiple-range test. Mortality data were analyzed by chi-square test. The significance is considered at P ≤ 0.05. 
RESULTS AND DISCUSSION
The experimental dietary composition results showed that almost all the analyzed values of the AA were comparable with calculated values (Table 3 ). The effect of dietary treatment on BW, DWG, FI, FCR, PER, and mortality rate are shown in Table 4 . No differences were observed in BW, DWG, FI, and FCR between chicks fed NC diet supplemented with mixture NEAA and chicks fed PC diet. Chicks fed NC diet had lower (P ≤ 0.0001) Table 4 . Body weight (BW), daily weight gain (DWG), feed intake (FI), feed conversion ratio (FCR), protein efficiency (PER), serum metabolites, and relative weight of heart, liver, abdominal fat, and breast yield of broilers fed low-protein diets fortified with individual non-essential amino acids. BW, DWG, FI, poorer FCR, and higher PER compared to the PC group. Supplementing the NC diet individually with Ala, Pro, or Asp had no beneficial effect on BW, DWG, FI, FCR, and PER. Similarly, Glu supplementation did not improve BW, DWG, and FCR but resulted in higher FI (P = 0.0001) and poorer PER (P < 0.0001) compared to NC diet. However, Gly supplementation improved (P ≤ 0.0001) BW, DWG and FI compared to those fed NC diet alone. Birds fed NC diet with Gly fortification had similar FCR to PC diet birds. The PER of chicks fed the PC diet was the lowest compared to other treatments. The depressed growth performance of birds fed low-CP diet could be attributed to insufficiency of nitrogen for NEAA synthesis (Corzo et al., 2005; Dean et al., 2006; Yuan et al., 2012; OspinaRojas et al., 2014) . Although chickens can synthesize NEAA from EAA, the synthesis rate of some NEAA such as Gly and Pro may not be adequate for maximum growth (Graber and Baker, 1973) . Awad et al. (2014b) reported that addition of a mixture of NEAA (Gly, Glu, Pro, Ala, and Asp) to a low-CP diet has the potential to overcome the depressed performance in broilers. Corzo et al. (2005) , and Dean et al. (2006) reported that individual supplementation with Glu, Pro, or Ala to a low-CP diet supplemented with EAA was not enough to support equal performance to that of a standard diet. Dean et al. (2006) indicated that the 1.25% total Gly + Ser (recommended by NRC, 1994) was insufficient and suggested a level of 2.32% for low-CP diet to achieve optimal growth in young chicks. Similarly, in our study, supplementing NC diet with only Gly (Gly + Ser 2.03%) significantly improved FCR to the same level as in PC group but failed to result in an equal BW. There is no clear explanation for such observations, although the inconsistent findings between ours and those of Dean et al. (2006) could be associated with the hot and humid climate. Heat-stressed birds may lose a considerable amount of water (Belay and Teeter, 1993) and accumulate higher uric acid concentration in the blood (Kataria et al., 2008) . The loss of water is mainly through evaporative cooling in the respiratory tract and bicarbonate excretion as a compensatory mechanism against respiratory alkalosis. Furthermore, Bataille et al. (2011) showed that cellular stress may decrease active transepithelial uric acid secretion in the renal proximal tubule. Heat-stressed birds respond to the presence of higher uric acid concentration and changes in electrolyte balance by increasing the usage of osmoprotectants such as betaine, sarcosine, glycerophosphocholine, and trimethylglycine (Kettunen et al., 2001; Honarbakhsh et al., 2007) . These osmolytes are viable endogenous precursors for Gly (Baker and Sugahara, 1970) . On the other hand, activity of pathways requiring methyl group and particularly glutathione synthesis are increased under stressful condition (Grimble et al., 1992; Wu et al., 2004; Del Vesco et al., 2015) . These pathways are directly or indirectly dependent on glycine and its precursors (Baker, 2009; Akinde, 2014) . Therefore, it is reasonable to postulate that lack of Gly could be a limiting factor for the optimum performance of birds under heat-stress conditions. The difference in the gender of chicks used in the present study and those of Dean et al. (2006) may have also accounted for the inconsistent results. The present work involved male chicks, while Dean et al. (2006) used females. Hernández et al. (2012) showed that male broilers were more sensitive to dietary CP reduction than their female counterparts. Feeding NC or NC + individual NEAA diets decreased (P = 0.0356) serum level of UA (Table 4) . These results are in agreement with those of Corzo et al. (2005) and Hernández et al. (2012) . Such findings could be attributed to lower ingested AA in the birds fed a low-CP diet. This is expected because UA is the end product of protein catabolism. On the contrary, serum TG concentrations of chicks fed NC diet and NC diet + individual NEAA were higher (P = 0.0007) in comparison with those fed PC or NC + mixture NEAA diets. This could be associated with higher energy:protein ratio in these low-protein diets, which may increase lipogenic activity in the liver (Swennen et al., 2005) . Serum TP and Alb levels in the present study were not affected by the low-CP diet. Similarly, Corzo et al. (2005) reported no change in TP in broilers fed a low-CP, EAA + Gly, Glu, Asp, Ala, and Pro diet. Ospina-Rojas et al. (2012) also noted that feeding low-CP, EAA + Gly diet did not change serum TP and Alb contents. In contrast, Hernández et al. (2012) observed a lower plasma Alb level, but not TP in broilers fed low-CP (3%) diet supplemented with lysine, methionine, and threonine. It is worth noting that unlike Hernández et al. (2012) , the low-CP diets in the present study and those of Corzo et al. (2005) and Ospina-Rojas et al. (2012) were formulated to meet the requirements of all essential AA. Thus, it appears that meeting the AA requirement could be more important than the CP per se.
Regardless of NEAA fortification, relative weights of breast, liver, and heart were unaffected by CP reduction. Similar results were reported by Sterling et al. (2006) . Relative weights of abdominal fat of PC or NC + NEAA groups were lower (P = 0.0001) than that of other groups. These results confirmed those of Sterling et al. (2002) that feeding low-CP diet increased the weight of abdominal fat. Fisher (1984) reported that birds fed a diet with higher ME:CP tends to accumulate more abdominal fat than those provided with lower ME:CP diet. It appears that feeding low-CP diet resulted in a surplus of available energy to that required for protein deposition, and therefore increased lipogenesis. The mortality rate was not affected by dietary treatments.
In conclusion, no single NEAA fortification may compensate the depressed growth performance attributed to a low-CP diet. However, fortification with Gly may improve FCR. There is a possibility that broilers raised under a hot and humid climate require higher Gly fortification than the level used in this study. It is noteworthy to mention that although adding NEAA to poultry diets may not be economically feasible currently, the present findings have provided insights for future research on the fortification of low-CP diets with highpotency single NEAA.
